Background Available studies on physical activity and ovarian cancer have produced inconsistent findings, with some previous studies reporting a positive association between vigorous physical activity and ovarian cancer risk. Methods We prospectively investigated the relations of self-reported moderate and vigorous physical activity to ovarian cancer in a cohort of 96,216 US women aged 51-72 years at baseline, followed from 1996-1997 to 31 December 2003.
Introduction
Ovarian cancer is the fourth most common cancer among women in the United States (US) and Europe, with more than 190,000 new cases of ovarian cancer diagnosed worldwide each year [1] . In part, because ovarian cancer may be asymptomatic until advanced stages, patients tend to be diagnosed late in the course of the disease [2] and the five-year survival rate is below 40% [3] . This underscores the need for better understanding and prevention of ovarian cancer.
It has been hypothesized that physical activity may protect against the development of ovarian cancer. Possible biological mechanisms include reduced body fat and related decreases in estrogen levels, lower ovulation frequency, and diminished chronic inflammation [4, 5] . Despite plausible etiologic pathways linking increased physical activity to decreased ovarian cancer risk, available epidemiologic data are mixed. Most [6] [7] [8] [9] [10] [11] [12] , but not all casecontrol studies [13] [14] [15] observed a statistically significant inverse association between physical activity and ovarian cancer. Similarly, four prospective studies [16] [17] [18] [19] are consistent with a reduction in ovarian cancer risk related to high versus low levels of physical activity, although four other prospective studies [20] [21] [22] [23] did not support an association.
In contrast, three reports [24] [25] [26] from two large cohorts found an increased risk of ovarian cancer with greater levels of physical activity. In those cohorts, the positive relation of physical activity to ovarian cancer risk appeared particularly strong for vigorous activity, with approximately two-fold increases in risk of ovarian cancer with high versus low amounts of vigorous activity. Thus, in a large cohort of US women we sought to help clarify the relation of physical activity to ovarian cancer and to evaluate the possibility of enhanced risk of ovarian cancer with vigorous physical activity.
Methods

Study population
In 1995-1996, 566,407 AARP members (formerly known as the American Association of Retired Persons) aged 50-71 years and residing in one of six US states (CA, FL, LA, NJ, NC, and PA) or two metropolitan areas (Atlanta, GA and Detroit, MI) completed and returned a mailed questionnaire on medical history, diet, and physical activity to initiate the NIH-AARP Diet and Health Study [27] . A second questionnaire that included more detailed information on family history of cancer and menopausal hormone therapy was mailed to baseline questionnaire respondents within six months and was returned by 59.5% of participants. The study was approved by the Special Studies Institutional Review Board (IRB) of the US National Cancer Institute.
The current analysis included 138,057 potentially eligible women who returned the second questionnaire. We excluded women with previously diagnosed cancer other than non-melanoma skin cancer before baseline (n = 9,171 women, including 1,572 cases of ovarian cancer), those with bilateral oophorectomy before baseline (n = 27,908), women with unknown oophorectomy status at baseline (n = 2,164), and subjects with missing information on physical activity (n = 2,598). After these exclusions, the analytic cohort included 96,216 women.
Cohort follow-up Study participants were followed by regular matching of the cohort database to the National Change of Address database maintained by the US Postal Service and through processing of undeliverable mail, other address update services, and directly from participants. Vital status was ascertained by the linkage of the cohort to the Social Security Administration Death Master File. Follow-up searches of presumed deaths in the National Death Index (NDI) Plus provided verification and information on cause of death. For matching purposes, we have virtually complete data on first and last name, address history, gender, and date of birth. Social security number is available for 85% of our cohort.
Endpoint ascertainment
Incident cases of epithelial ovarian cancer were identified by probabilistic linkage to the state cancer registries serving our cohort. We recently expanded our cancer registry ascertainment area by three states TX, AZ, and NV to capture cancer cases occurring among participants who moved to those states during follow-up. The North American Association of Central Cancer Registries (NAACCR) certifies all 11 cancer registries [28] . We conducted a validation study comparing registry findings to self-reports and medical records, and found that approximately 90% of all cancer cases in our cohort were validly identified using linkage to cancer registries [29] .
Cancers were identified by anatomic site and histologic code using the International Classification of Disease for Oncology (ICD-O, second and third editions) [30] 
Assessment of physical activity
The baseline questionnaire inquired about structured vigorous exercise during the previous year, defined as the frequency each week spent at activities that lasted 20 min or more and caused either increases in breathing or heart rate or working up a sweat. There were six possible response options: never; rarely; 1-3 times per month; 1-2 times per week; 3-4 times per week; and 5 or more times per week. The second questionnaire requested information on the average time spent each week at moderate and vigorous activities using the categories of never; rarely; weekly, but less than 1 h per week; 1-3 h per week; 4-7 h per week; and more than 7 h per week. Specific examples included brisk walking/fast dancing, walking during golf, hiking/mountain climbing, cheerleading/drill team, tennis, biking, swimming, aerobics, jogging/running, rowing, basketball/baseball, football/soccer, handball/racquetball, weight lifting, heavy gardening, and heavy housework. Our physical activity assessment is similar to the Physical Activity Scale for the Elderly (PASE), which showed an intra-class correlation coefficient of 0.84 for two administrations of the questionnaire mailed three to seven weeks apart and a correlation coefficient of 0.58 comparing activity energy expenditure as assessed by the questionnaire with that using doubly labeled water [31] .
We combined the information from both the baseline and the second questionnaires to divide participants into five categories according to their physical activity level: (1) entirely inactive (women who reported never or rarely engaging in moderate or vigorous physical activity); (2) neither moderate nor vigorous physical activity (less than 3 h of moderate activity per week and less than three times 20? minutes of vigorous activity per week); (3) moderate physical activity only (more than 3 h of moderate activity per week and less than three times 20? minutes of vigorous activity per week); (4) vigorous physical activity only (less than 3 h of moderate activity per week and three or more times 20? minutes of vigorous activity per week); and (5) both moderate and vigorous physical activity (more than 3 h of moderate activity per week and three or more times 20? minutes of vigorous activity per week). The group of subjects who fell into the category of neither moderate nor vigorous physical activity served as the reference group.
Statistical analysis
Each participant accrued follow-up time beginning at the scan date of the second questionnaire and ending at the date of diagnosis of epithelial ovarian carcinoma, move out of the registry ascertainment area, death, or the end of followup on 31 December 2003, whichever occurred first. We used Cox proportional hazards regression [32] to estimate hazard ratios and 95% confidence intervals (CI) while controlling for multiple variables simultaneously. We tested for and found no departures from the proportional hazards assumption by age, calendar period, or duration of follow-up. We assessed epithelial ovarian carcinoma risk in two models, one model adjusting for age, and a second model additionally adjusting for body mass index (BMI), height, race/ethnicity; smoking status, family history of ovarian cancer, parity, use of oral contraceptives, age at menarche, age at menopause, and menopausal hormone therapy use.
To examine whether the association between physical activity and risk of ovarian cancer was modified by other factors, we conducted tests for multiplicative interaction by modeling physical activity, the variable of interest, and the products of physical activity and the variable of interest (the interaction terms); the statistical significance of the latter was evaluated using a likelihood-ratio test. We also evaluated the relation of physical activity to epithelial ovarian carcinoma within strata of those variables. All relative risks (RRs) are presented with 95% CI, and the reported p values are based on two-sided tests. All analyses were conducted using SAS release 8.2 (SAS Institute, Cary, NC).
Results
Among the 96,216 women included in the analysis, 30% were classified as engaging in both moderate and vigorous physical activity, whereas 29% did not participate in either moderate or vigorous physical activity and 7% were entirely physically inactive; 20% fell into the category of moderate physical activity only; 14% fell into the category of vigorous physical activity only.
Participants who engaged in both moderate and vigorous activity were more likely to use oral contraceptives, menopausal hormone therapy, and to be former or never smokers compared to those who did not participate in either moderate or vigorous activity (Table 1) . Physically more active women also had a lower BMI than physically less active women.
During 649,599 person-years of follow-up, we documented 309 cases of epithelial ovarian cancer. In ageadjusted analysis, increasing levels of physical activity (entirely inactive; neither moderate nor vigorous physical activity; moderate physical activity only; vigorous physical activity only; and both moderate and vigorous physical activity) were not associated with ovarian cancer risk ( Table 2 ). The RR comparing women with both moderate and vigorous activity to those with neither moderate nor vigorous activity was 1.08 (95% CI = 0.81-1.43). The multivariateadjusted risk estimate was very similar (RR = 1.10; 95% CI = 0.82-1.48).
To evaluate whether the association between physical activity and ovarian cancer was modified by menopausal status, we repeated our analysis after limiting the cohort to postmenopausal women (n = 6 ovarian cancer cases excluded). Results were materially unaltered (multivariate RR for both moderate and vigorous activity vs. neither moderate nor vigorous activity = 1.15; 95% CI = 0.86-1.55).
Because undiagnosed ovarian cancer may have caused lower physical activity levels at the time the questionnaires were administered, we repeated our analysis after excluding all cases of ovarian cancer diagnosed during the first two years of follow-up (n = 95 ovarian cancer cases excluded). Findings were similar to overall (multivariate RR comparing women with both moderate and vigorous activity to those with neither moderate nor vigorous activity = 1.12; 95% CI = 0.79-1.59). Risk estimates were also virtually unchanged when we further minimized any impact that undiagnosed ovarian cancer may have had on physical activity levels by additionally excluding subjects who reported poor health at entry (n = 99 ovarian cancer cases excluded; corresponding RR = 1.11; 95% CI = 0.78-1.58).
We evaluated relations according to the major histologic subtype of ovarian cancer ( Table 2 ). The multivariate RR of serous ovarian cancer comparing women with both moderate and vigorous activity to those with neither moderate nor vigorous activity was 1.42 (95% CI = 0.93-2.17). That relation was virtually entirely contributed by vigorous activity. The multivariate RR of serous ovarian cancer comparing women with vigorous activity to those with neither moderate nor vigorous activity was 1.46 (95% CI = 0.89-2.40). In contrast, a weaker relation with serous ovarian carcinoma was found with moderate activity. The multivariate RR of serous ovarian cancer comparing women with moderate activity to those with neither moderate nor vigorous activity was 1.16 (95% CI = 0.71-1.89). For the combined group of endometroid, mucinous, clear cell, and other adenocarcinomas, the multivariate- OC oral contraceptive; MHT menopausal hormone therapy; kg = kilograms; m = meters; NSAID non-steroidal anti-inflammatory drug adjusted relative risk comparing women with both moderate and vigorous activity to those with neither moderate nor vigorous activity was 0.87 (95% CI = 0.57-1.32).
We also examined associations according to tumor stage ( Table 2) . We found a pattern of decreasing risk of nonmetastatic ovarian cancer and increasing risk of metastatic ovarian cancer across increasing intensity levels of physical activity. However, the point estimates relating vigorous activity to non-metastatic and metastatic ovarian cancer were similar. The multivariate RR of non-metastatic ovarian cancer comparing women with vigorous activity to those with neither moderate nor vigorous activity was 1.11 (95% CI = 0.53-2.32). A similar relation was found between vigorous activity and metastatic ovarian carcinoma (RR = 1.06; 95% CI = 0.67-1.68). The multivariate RR of fatal ovarian cancer comparing women with vigorous activity to those with neither moderate nor vigorous activity was 1.13 (95% CI = 0.75-1.72).
We investigated whether the relation of physical activity to ovarian cancer was altered by potential effect The multivariate models were adjusted for covariates listed in Table 2 footnote. In each case, the stratification variable was excluded from the model. Within each stratum, subjects with neither moderate nor vigorous activity served as the reference group a Entirely inactive: never or rarely engaging in moderate or vigorous activity b Neither moderate nor vigorous activity: less than 3 h of moderate activity per week and less than three times 20? minutes of vigorous activity per week c Moderate activity only: more than 3 h of moderate activity per week and less than three times 20? minutes of vigorous activity per week d Vigorous activity only: less than 3 h of moderate activity per week and three or more times 20? minutes of vigorous activity per week e Both moderate and vigorous activity: more than 3 h of moderate activity per week and three or more times 20? minutes of vigorous activity per week kg = kilograms; m = meters; OC oral contraceptive; MHT menopausal hormone therapy; NSAID non-steroidal anti-inflammatory drug; RR relative risk; CI confidence interval
Discussion
In this prospective study of middle-aged to elderly US women, we found no inverse relation between physical activity and ovarian cancer. In fact, our data do not entirely exclude the possibility of a positive relation between a high amount of vigorous activity and serous ovarian carcinoma, although results were statistically non-significant. We detected no statistically significant relation between moderate and vigorous physical activity and ovarian cancer in subgroups of women defined by BMI, parity, oral contraceptive use, menopausal hormone therapy, family history of ovarian cancer, non-steroidal anti-inflammatory drug (NSAID) use, and other variables.
A recent meta-analysis [8] on the relation of physical activity to ovarian cancer pooled the results from available cohort studies and reported an inverse relation that was statistically non-significant (RR = 0.81; 95% CI = 0.57-1.17; high vs. low physical activity) and showed evidence for heterogeneity between individual studies (p = 0.004). That heterogeneity was driven by data from two cohort studies [24, 25] suggesting that increased recreational physical activity, particularly vigorous activity, was associated with a greater risk of ovarian cancer. Specifically, the Iowa Women's Health Study [24] observed that, compared with physically inactive women, those engaging in vigorous physical activity five or more times per week had a RR of 2.52 (95% CI = 1.01-6.28). An updated analysis in that cohort [26] including more than twice the number of cases reported a corresponding relative risk of 2.38 (95% CI = 1.29-4.38). Similarly, the Nurses' Health Study [25] found RRs of 1.58 (95% CI = 1.05-2.38) and 1.48 (95% CI = 0.89-2.48) for women engaging in vigorous recreational activity three to four times per week and five or more times per week, respectively, as compared with women not engaging in vigorous recreational activity.
Among the remaining studies evaluated in the metaanalysis [8] , one cohort study [16] reported a strong decrease in ovarian cancer risk associated with increased physical activity (RR = 0.33; 95% CI = 0.16-0.67), whereas three other prospective studies [17] [18] [19] were consistent with an approximate 30% reduction in ovarian risk related to high versus low levels of physical activity, but the findings were not statistically significant.
Four cohort studies [20] [21] [22] [23] did not support an association between physical activity and ovarian cancer. These non-supportive cohort studies [20] [21] [22] [23] were all conducted in Europe or China, and in three of those studies [20, 21, 23 ] the exposure was defined as occupational physical activity assessed by job codes. Specifically, one Finnish cohort study [20] found no difference in ovarian cancer risk among physical education teachers (assumed to have higher lifetime physical activity levels) than language teachers (assumed to have a lower lifetime physical activity levels). One retrospective cohort study from Denmark [21] presented a standardized incidence ratio for ovarian cancer of 0.94 (95% CI = 0.19-2.75) for low versus high level of occupational activity (based on n = 3 ovarian cancer cases). A study from China [23] reported standardized incidence ratios of 84 for housewives and 132 for technical workers. We did not examine occupational activity because only a very small number of women reported physically demanding jobs in our cohort, rendering an analysis of occupational activity in our study uninformative. We also reasoned that occupational activity is unlikely to be a meaningful population-level source of physical activity among comparable groups of AARP-eligible women.
Results from case-control studies of physical activity and ovarian cancer have been somewhat more but not entirely consistent than those from prospective studies. Specifically, six case-control studies [5, 7, [9] [10] [11] [12] observed a statistically significant 20-50% decreased risk of ovarian cancer for high versus low physical activity, whereas two case-control studies [13, 14] are compatible with a 30% reduction in risk but the results were not statistically significant, and two case-control studies [8, 15] reported a null association. The overall pooled data from available case-control studies on physical activity and ovarian cancer [8] generated a statistically significant inverse association (RR = 0.79; 95% CI = 0.70-0.81).
The finding of a suggestively positive association between vigorous activity and serous ovarian cancer in our study raises concern of a potential biological basis. Alternatively, the positive relation between physical activity and ovarian cancer could be attributable to detection bias if more vigorously active women tended to be more symptomatic. Although there were limited numbers of ovarian cancer cases according to tumor stage in our dataset, we evaluated the possibility of detection bias by examining relations according to tumor stage. Indeed, we found a pattern suggestive of increasing risk of metastatic ovarian cancer across increasing intensity levels of physical activity, whereas a pattern indicative of decreasing risk of nonmetastatic ovarian cancer across increasing intensity levels of physical activity was observed. In addition, no obvious pattern was noted between physical activity and fatal ovarian cancer. These exploratory analyses support the possibility of detection bias. The potential for a non-causal positive relation of physical activity to ovarian cancer requires further investigation in this and other future studies.
In theory, physical activity may reduce ovarian cancer risk through numerous biological mechanisms, including reduced adiposity leading to decreased levels of estrogen or growth factors, lower ovulation frequency, and reduced chronic inflammation [33] . Such factors may also modify the physical activity and ovarian cancer relation. The Nurses' Health Study suggested that the positive relation of physical activity to ovarian cancer was more pronounced among lean women [25] . The Breast Cancer Detection Demonstration Project (BCDDP) reported a more pronounced inverse relation of physical activity to ovarian cancer among parous than nulliparous women [18] . However, those interactions were not confirmed in the current or other previous studies [17, 19, 22] . Likewise, we found no effect modification of the physical activity and ovarian cancer relation by NSAID use.
The main limitation of the current study is the potential measurement error in our assessment of physical activity [34] . We lacked data to quantify the degree of misclassification of physical activity levels among women in our study, but measurement error would have needed to be substantial to obscure a large or moderate-sized association. However, we cannot rule out the possibility of a small physical activity effect. The large size of our cohort with the related costs did not permit us to employ more accurate physical activity instruments, such as activity monitors. An additional potential limitation of our study is that we did not assess potential changes in activity levels during follow-up.
An important strength of the current study is its prospective design in which we assessed physical activity before ovarian cancer diagnosis and excluded from the analyses subjects with pre-existing cancer at baseline. This helped to reduce the influence that malignant disease may have had on recalled or reported physical activity levels at study onset. In secondary analyses, we further minimized the potential for reverse causation due to pre-existing but undiagnosed ovarian cancer by excluding the first two years of follow-up and excluding participants with poor health status at entry.
We adjusted for most of the important known ovarian cancer risk factors. Results from the age-adjusted and multivariate models were very similar, suggesting that confounding by risk factors, we were able to measure was minimal. Although the overall number of cases in our study was modest, we had greater statistical power than many previous cohort studies to examine whether relations between physical activity and ovarian cancer differed for population subgroups.
In summary, our analysis does not provide support for an inverse association between physical activity and ovarian cancer. Our results add to very limited available evidence of a positive relation between vigorous activity and ovarian cancer. However, findings were statistically non-significant and could have been due to detection bias as evidenced by an enhanced stage of disease across increasing activity intensity levels but no association with fatal ovarian cancer. Our data generally confirm the accumulating body of evidence from prospective epidemiologic studies showing that physical activity is unlikely to play an important role in the etiology of ovarian cancer.
